Abstract: On the basis of experimental Rayleigh-Brillouin scattering data in gaseous nitrogen and air, simulations are performed to describe the observed frequency profiles in analytical form. The experimental data pertain to a λ = 366 nm scattering wavelength, a 90° scattering angle, pressures of 1 and 3 bar, and temperatures in the range 250 -340 K. Two different models are used to represent the RB-profiles, to distinguish the RB-peaks, and to obtain the Brillouin shift associated with the acoustic waves generated in a gaseous medium. Calculations in the framework of V3 and G3 models, exhibiting composite profiles of three distinct peaks of Voigt or Gaussian functions, are compared to observation. Fitting results show that the V3 model yields an improvement over the G3 model. This mathematical model provides an even better representation of the observed profiles than the Tenti S6 model, which is considered to be the optimum representation in terms of physical parameters. For the derivation of Brillouin shifts, both models perform well at high gas pressure, while at lower pressures, the V3 model yields a higher accuracy than the G3 model. Rayleigh-Brillouin scattering of ultraviolet light in nitrogen, dry air, and moist air," Appl. Opt. 49(22), 4217-4227 (2010). 9. Z. Gu and W. Ubachs, "Temperature-dependent bulk viscosity of nitrogen gas determined from spontaneous Rayleigh-Brillouin scattering," Opt. Lett. 38(7), 1110-1112 (2013 
Introduction
Rayleigh scattering refers to the central peak in the spectral profile for light scattering in a medium. Although this feature is commonly viewed as elastic, even this central part of the profile is composed of a distribution of frequency components resulting from the velocity distribution of the molecules or atoms, known as Doppler effect and represented by a purely Gaussian function. The width of this Gaussian depends on the scattering angle and collapses in the forward direction into a delta function. Brillouin scattering, on the other hand, is caused by the energy exchange between light and acoustic modes in the medium, or in a quantum point of view between photons and phonons. Therefore, this scattering gives rise to two side-peaks, Stokes and anti-Stokes shifted from the center, known as the Brillouin shift. In gaseous media of not too high pressures both features are overlapped and the scattering process is described as Rayleigh-Brillouin scattering [1] .
In recent years, the study of Rayleigh-Brillouin scattering (RBS) has been applied to determine the physical properties of transparent media, such as optical fibers [2, 3] , water [4] [5] [6] [7] , and gas [8] [9] [10] . In these applications, the Brillouin shift plays an important role in the measurement as it has relations with the material properties of the medium. Bao et al. [2, 11] showed that the strain and temperature of optical fibers can be measured by the Brillouin shift, and an optical sensor based on this method has found widespread application. In oceanographic studies it has been demonstrated that the Brillouin shift can be obtained from Lidar-based RBS of the ocean surface, where it can be used for remote sensing of the ocean temperature [12, 13] , salinity [14] , viscosity [15] and sound speed [16] .
So far, no detailed studies have demonstrated the measurement of material properties of a gaseous substance by the Brillouin shift. This is because the contributions of the central Rayleigh peak and the Brillouin side peaks in light scattering from a gas become mixed, at least at atmospheric pressures. Hence, the actual value of the Brillouin shift is difficult to derive from composite three-peak scattering profiles. In contrast, in the hydrodynamic regime, reached in the high-density environment of solid, liquid, and high-pressure gaseous media [17, 18] , the central Rayleigh peak and the Brillouin side peaks become significantly separated from each other [13] . Under these conditions, the Brillouin shift can be determined straightforwardly. For gaseous media, where RBS occurs in the kinetic regime (0.05 < y < 5, with y a dimensionless parameter defined as the ratio of scattering wavelength to the mean free path) [19] Rayleigh and Brillouin peaks (including Stokes and anti-Stokes) overlap considerably and are more difficult to disentangle. Since the Brillouin shift cannot be obtained directly from experiment, the characterization of gaseous properties from RB-scattering is limited.
Current methods for characterizing the thermodynamic properties of a gaseous medium are based on the composite RBS spectrum. The Tenti model in its S6 [20] and S7 [21] variants are recognized as the best physical models to describe the RBS line shape directly in terms of the macroscopic transport coefficients of a gas that can be measured independently by various means. Therefore, the RBS spectral profile can be calculated from the known gas parameters. However, in applications such as remote sensing of the atmosphere, the purpose is often to use a rapid algorithm for deriving thermodynamic properties of a medium such as pressure or temperature. In such case, use of S6 or S7 models is complicated and time consuming, since these models are not represented in analytical form [22] . Therefore an alternative or simplified model in analytical form would provide a rapid and fruitful tool to be used in satellite retrieval extracting gaseous properties of atmospheres on-line.
As for an analytical model, a single-Gaussian model [23] has a simple functional form and is quite easy to implement, but it yields only an imprecise approximation of the RBS spectrum and large errors will result [24] . In 2011, Witschas [22] proposed an analytical model involving a composite spectrum of three Gaussians (henceforth named "G3" for convenience) for the RBS line shape in air, and proved that it is well applicable for a range of dimensionless scattering parameters y = 0 -1. In a previous study of the Wuhan group from 2012 [24] a "V3" model was developed, where the composite spectrum is composed of three peaks represented by an analytical pseudo-Voigt function. Both models are capable of analytically separating the Rayleigh and Brillouin peaks. For the V3 model it was shown to cover a wider parameter space (y = 0 -4) and to remain closer to the S6 and S7 model descriptions.
In [22, 24] comparisons were made between G3 and V3 analytical models and the Tenti S6 and S7 model, that describe RB-scattering in physical terms, although some approximations are made in the derivation of S6 and S7 models. In the present study, a direct comparison is made between G3 and V3 analytical models and experimental data on RB-scattering for N 2 and air [9, 25] . Both V3 and G3 models are fitted to the experimental data, and the fitting results are subsequently compared with the S6 model. The V3 and G3 models are utilized to distinguish Rayleigh and Brillouin peaks to obtain experimental values for the Brillouin shift, which may then be confronted with values calculated from thermodynamic gas properties.
RBS theory and analytical models of the line profile
Rayleigh-Brillouin scattering (RBS) manifests itself as two features: a Doppler-broadened central Rayleigh peak and two Stokes and anti-Stokes shifted Brillouin peaks. As the frequency shift of the two Brillouin peaks is relatively small for gases, they overlap with the Rayleigh peak and form a mixed profile. The RBS line shape can be viewed as a linear combination of the Rayleigh peak and the Brillouin doublet, where each part can be described independently by a functional form.
In 2011, Witschas [22] has proposed an analytical model for RBS based on combinations of three Gaussian profiles, as follows:
where v is the frequency of the incident light source, A is a parameter representing the spectral intensity, v B is the Brillouin shift, and Г R and Г B are the linewidths of the Rayleigh peaks and Brillouin peaks, respectively. In this model Rayleigh and Brillouin peaks are treated as Gaussian, and the modeled spectrum is a combination of three Gaussian profiles. This description is referred to as the G3 model. This approach was demonstrated to produce an accurate description of the RBS profile under gaseous conditions of low y-parameters, in the range 0 -1 [22] . The line shapes of both Rayleigh and Brillouin scattering will be affected by homogeneous and inhomogeneous broadening effects, with the former having a Lorentzian line shape and the latter a Gaussian line shape [13, 19] . In 2012, some of the present authors developed a V3 model to analyze the composition of the RBS spectrum in analytical form. Based on line broadening theory, the line shapes of both Rayleigh and Brillouin scattering were expressed as pseudo-Voigt profile functions V(v) [24] :
where ρ (0 < ρ < 1) is a parameter representing the proportion of the Lorentzian profile in the
Here Г G and v G are the width and center frequency of the Gaussian profile, Г L and v L the width and center frequency of the Lorentzian profile. The RBS spectrum contains one Rayleigh peak and two Brillouin peaks, and the analytical form of V3 model can be expressed as the linear combination of three pseudo-Voigt profiles:
where
T , A stands for the weight factor of the Rayleigh portion, and B for the weight factor of the Brillouin portion; I 3 is the identity matrix of order 3,
T is the Gaussian component in the three peaks, v the functional coordinate of the RBS spectrum, Г GR and Г GB are the Gaussian linewidths of the Rayleigh peak and Brillouin peaks, respectively;
T is the Lorentzian component in the three peaks, Г LR and Г LB are the widths of the Lorentzian components of the Rayleigh and Brillouin peaks, respectively;
T is a column vector for the Lorentzian proportions of the three peaks. The composite profile is centered around ν = 0, and v B is the Brillouin shift. In this model, the undetermined parameters are in the vectors C, G, L, ρ. All undetermined parameters indicate certain features of Rayleigh peak and Brillouin peaks. By using V3 model fitting to experimental or simulated data for an RBS spectrum, these parameters can be obtained.
Unlike the non-analytical Tenti S6 and S7 models, both V3 and G3 models are cast in analytical forms and explicitly contain the Brillouin shift. Therefore, a value for the Brillouin shift ν B can be obtained via direct least-squares fitting to an experimental RBS spectrum. In the next section, the V3 model and G3 models will be compared with experimental RBS data for N 2 and air [9, 25] , and in each case the Brillouin shift will be determined. Finally, by evaluating the fitting errors of both models and the accuracy of the obtained Brillouin shift, the usefulness of both models to derive physical properties from RB scattering is assessed.
Experimental data
The experimental data were obtained in a Rayleigh-Brillouin spectrometer, designed for measuring RBS proðles at 366 nm with an effective power of 5W [10] . The scattered lighted is collected at 90° with an uncertainty of 0.9°. The value of the scattering angle can be determined at improved accuracy of less than 0.1° by comparing the experimental scattering data to the S6 model [25] , because the width of the overall scattering profile is very sensitive to the angle. The RB-scattered light is spectrally filtered by a Fabry-Perot Interferometer (FPI) with an instrument linewidth of 232 MHz and a free spectral range of 7440 MHz, before detection.
Experimentally, RB-scattering was measured in air and in pure nitrogen gas at two different charging pressures: 1 bar and 3 bar. Note that the actual pressures, measured on a baratron in the experiment, deviate somewhat from these values. For each pressure measurements were performed at a number of different temperatures covering the range 250 -340 K. Table 1 shows the pressure and temperature conditions at which data were collected; the scattering angles, derived from the profiles are indicated as well. 
Analysis
The experimental data, reported previously in [9] and [25] , are included in V3 and G3 model analyses with the aim to generate an optimally fitting profile description and determination of the Brillouin shift. In Figs. 1, 2, 3 and 4, both the V3 and the G3 models, convolved with the instrument function (Airy function) of the FPI, are compared with the RBS spectra at 1 bar air and 1 bar nitrogen at different temperature conditions (marked in the figures), respectively. The residuals plotted in Figs. 1-4 show that both V3 and G3 models fit the experimental RBS spectra well. The rms noise, which is the standard deviation of the noise distribution, is at the 0.5% level (percentages given with respect to peak intensity) for the V3 model and at the 1% level for the G3 model. Moreover, the V3 model has slightly better fitting results as the deviations between the measurement and the modeling calculation display statistical fluctuations without structure, while the deviation of G3 model displays some systematic oscillations at the 1% level It is worth noting that such systematic deviations are also observed in comparison with the S6 model [25] . 
where I e (f i ) and I m (f i ) are the experimental and modeled amplitude of the spectrum at frequency f i , and σ(f i ) is the statistical (Poisson) error, including effects of background and dark count rate. As the S6 model is known as the best physical model to describe a spontaneous RBS spectrum in the kinetic regime, the RMSE and χ 2 values from comparison with the S6 model reported in [25] are also added in the figures. . This may be explained from the fact the V3 model contains a large number of free parameters fitted to the experimental data. In contrast, comparisons with the Tenti S6 model involve macroscopic transport coefficients, which are usually not fitted but adopted as known material properties of the gas, except for the elusive bulk viscosity, which is fitted in some cases [9, 25] .
For the data set recorded at pressures of 3 bar, similar results are presented. Figures 7, 8, 9 , and 10 show the fitting results for the RBS spectra of 3 bar air and 3 bar nitrogen, respectively. Again fitting to experimental data is performed using the V3 model and the G3 model for all pressure and temperature conditions. The root-mean-square error (RMSE) and the χ 2 values for the fitting of the air and nitrogen RBS spectrum are shown in Figs. 11(a) Compared with conditions of 1 bar, the rms noise for conditions of 3 bar is reduced to less than 0.5% for the V3 model, but increases to more than 1% for the G3 model. For the residuals in Fig. 7 to Fig. 10 , systematic oscillatory deviations for the V3 model remain absent, while the G3 model yields systematic oscillations at the 2% level. Compared with the 1% rms noise level and the 2% deviation reported in [25] , the V3 model also reproduces the experimental data slightly better than the S6 model for conditions of 3 bar. In Figs. 11(a)-11(b) and Figs. 12(a)-12(b) it is demonstrated that the RMSE and χ 2 values for the V3 model are still slightly better than those of S6 model at most temperatures, while the fitting values for G3 are much worse.
The reason for the improvement resulting from the V3 model representing the data for 3 bar is that, unlike the smooth curve under 1 bar pressure conditions, the RBS spectrum at 3 bar displays pronounced Brillouin shoulders. As a result, the RBS spectrum at 3 bar will be more constrained in the fitting procedure. On the other hand, Witschas pointed out [22] that the G3 model is well applicable for y = [0, 1], but less so for the range y = 1.6 ~1.7, here covered by gas pressures of 3 bar. The improved goodness-of-fit for the V3 model for the higher pressure regime can intuitively be understood from the fact that the Rayleigh-Brillouin profile in the hydrodynamic regime will take the form of Lorentzian profiles [26] . Hence at the higher pressures in the intermediate regime the Lorentzian components, associated with the homogeneous broadening effects due to collisions, will gain in importance, for which reason the V3 model will yield a better description of the RB scattering profiles.
Derivation of the Brillouin shift
To verify the performance of the V3 model in measurements of the Brillouin shift, the accuracy of the acquired Brillouin shift via various methods will be evaluated. In order to evaluate the measurement accuracy of the Brillouin shift, the values of the Brillouin shift v bt are predicted as [9] :
where n is the refractive index of the gas, θ is the scattering angle and v S is the sound speed in the gas, which is related to the physical parameters of the gas [27, 28] :
with γ the adiabatic constant, R the universal gas constant, T the absolute temperature of the gas in Kelvin, and m the molecular weight of the gas. The parameters for air and nitrogen are as follows: γ = Tables 2 and 3 show the values v bm fitted from the experimental RBS data using V3 and G3 models, the predicted values v bt , the error Δv between v bm and v bt , as well as the relative errors Δv r for conditions of RBS at 1 bar air and 1 bar nitrogen, respectively. Resulting relative errors for the V3 model at 1 bar pressure are around 10%, while those for the G3 model are significantly larger (above 40%). Though the V3 and G3 models have similar fitting accuracy, the measurement errors of the Brillouin shifts are widely different.
For the experimental data obtained at 3 bar, similar comparisons of Brillouin shifts fitted with V3 and G3 models result, shown in Tables 4 and 5 . It should be noted that the Brillouin shift is not exactly equal to the frequency shift of the side peaks measured at 3 bar. The data in Tables 4 and 5 show that the fitting accuracy for the Brillouin shift in both V3 and G3 models at 3 bar pressure is about 2% -4%, which is much better than for the 1 bar condition. The reason is that the RBS spectra at 3 bar pressure, exhibiting more pronounced side features, will impose more constraints on the line shape, and effectively limit the degrees of freedom in the multi-parameter fitting. We also find that in spite of the worse performance in fitting the frequency profile, the Brillouin shifts measured by the G3 model have similar accuracy compared with those measured by the V3 model, and in some cases smaller uncertainties are found. In future studies, this phenomenon will be analyzed with more experimental data. If the accuracy of the Brillouin shift measured via the G3 model is similar to that for the V3 model under high pressure conditions, the G3 model would be sufficient for the Brillouin shift measurement, even though it is not suitable for high pressure RBS spectrum fitting.
In summary, in the analysis of experimental RBS spectra measured at 1 bar pressure, the V3 model allows for a more accurate determination of the Brillouin shift than the G3 model. At 3 bar pressure, the errors obtained by the V3 and G3 models are similar, while the fitting accuracy of the former is significantly better. Therefore when other spectrum characteristics besides the Brillouin width are of interest, a more confident measurement outcome can be expected using the V3 model.
Conclusion
In this paper, the Brillouin shift of the RBS spectrum for a gas is obtained from the experimental data for the first time. Two analytical models, the V3 and G3 models, are implemented to fit experimentally obtained RBS spectra of air and N 2 at various temperatures and pressures. The fitting results (including deviations, RMSE and χ 2 ) showed that the V3 model has the best fitting performance, even better than the Tenti S6 model, which provides a more physically based description of the RB spectral profiles. In addition, V3 proves to be a promising analytical tool to study the gas properties in RBS experiments. It may provide a fast and simple representation of an experimental RBS spectrum in functional form, and as such provide the basis for a rapid algorithm for on-line satellite retrieval of gas phase properties from light scattering.
In deducing a Brillouin shift from experimental data, it is found that the relative errors for V3 and G3 models are around 3% at high gas pressure (3 bar), while at lower gas pressure (1 bar), both models show large deviations with a value predicted from gas transport coefficient, especially the G3 model with a 40% relative error. In comparing the two models, it can be concluded that the V3 model has a wider applicable scope than the G3 model in the RBS spectral fitting.
